The authors clarified that various cast irons can be hardened by friction stir processing (FSP) in a previous study. However, the high applied tool load was indispensable for obtaining the hardened layer. In this study, the effect of the tool geometry on the applied tool load was investigated for forming the hardened layer by the FSP with a lower applied tool load. As a result, the applied tool load could be reduced by 36% using a concave tool.
Introduction
The material used for the sleeve parts of dies and machine tools requires a surface hardening treatment for improving its mechanical properties such as wear resistance. This process is essential for a long life of the member. Recently, much attention has been paid to a new surface hardening method called Friction Stir Processing: FSP. 1) FSP is a solid state process, which can tailor the microstructure by severe plastic deformation and frictional heat. The principal of FSP is the same as that of Friction Stir Welding (FSW).
2) It can modify the various properties of the material surface by the frictional heat and high strain generated by pressing a cylindrical tool against the base materials with a high rotating speed. A schematic illustration of FSP is shown in Fig. 1 . The frictional heat can be generated very locally, and the heat input in the surrounding area is suppressed. Accordingly, a large cooling rate can be obtained by the FSP. Additionally, the deformation can be suppressed due to the low heat input compared with conventional surface hardening methods. FSW and FSP have been widely studied for aluminum alloys and magnesium alloys by many researchers. 310) In recent years, high-melting point materials, such as ferrous materials, have been investigated due to the improved durability of the tool.
1115) The authors previously clarified that pearlite-based cast iron, such as FC300 and FCD700, can be hardened due to the formation of fine martensite by the FSP. 16, 17) Additionally, a Vickers hardness of about 700 HV was obtained due to the formation of the fine martensite even in the low hardenability ferrite-based spheroidal graphite cast iron (FCD450) without pretreatment. 18) However, the burden of the device is a serious problem because a very high tool load is needed to form a uniform hardened layer. In this study, the effect of tool shape on the tool load and hardness layer were investigated in order to reduce the tool load during the process. Although the tool shape, such as the shoulder diameter, probe diameter and probe length has been evaluated for FSW and FSP, 1921) the bottom surface area of the shoulder was focused in this study. The tool applied load was reduced by providing a concave design with various shapes in the center of the shoulder to decrease the bottom surface area.
Experimental Procedure
A 5 mm thick pearlite-based flake graphite cast iron (FC300) plate was used as the work-piece. Its chemical composition is shown in Table 1 . The microstructure of the base metal is pearlite which has hardness of 220250 HV. An FSP tool made of cemented carbide with a ¤25 mm shoulder was used. A flat-tip tool and three types of concave tools (diameters of ¤10 mm, ¤15 mm and ¤20 mm concave) were prepared as shown in Fig. 2 . The process pressure was set to be equivalent for all tools by adjusting the applied load. Table 2 © 2012 Japan Foundry Engineering Society allowable load of the device. The tool rotation speed, the tool traveling speed and the tool tilt angle were 1000 rpm, 100 mm/min and 3°, respectively. Ar shielding gas was used during the FSP. The hardness of the matrix was measured on a cross section (01.4 mm depth) using a micro-Vickers hardness tester. The microstructure was observed using an optical microscope. Figure 3 shows the shape of the modified region along the cross section of the FSP samples produced by the various tools, which was categorized according to the pressure on the bottom surface of the tool. The modified region by the FSP near the top surface became slightly dark due to the chemical etching. It was assumed that the entire bottom surface of the tool was in contact with the sample for calculate the pressure without cosidering the title angle of the tool. The actual value of the tool load is shown below each photo. In order to obtain the same modified region as that formed by the flat tool, the required load decreased under all conditions using the ¤10 mm concave tool and the ¤15 mm concave tool, except for the tool pressure condition of 2 kgf/mm 2 for the ¤15 mm concave tool. However, the depth of the modified region formed by the ¤20 mm concave tool becomes smaller than that formed by the flat tool. In addition, although the applied loads of the ¤20 mm concave tool at 12 kgf/mm 2 and the flat tool at 4 kgf/mm 2 were almost same, the depth formed by the ¤20 mm concave tool became smaller than by the flat tool. The thickness of the sample before and after the FSP was measured to investigate the effect of the pressure on the thickness change. These results are shown in Fig. 4 . The thickness change by the concave tool was larger than that by the flat tool under the lower pressure conditions due to the Effects of Tool Geometry on Hardened Layer of Friction Stir Processed Cast Irontool shape. In other words, the surface of the plate was cut off by the bottom edge of the concave tool. Especially, the thickness change by the ¤20 mm concave tool was much larger than those by the other tools. It is considered that the high concave fraction the ¤20 mm tool increased the cutting efficiency. On the other hand, the thickness change by the concave tool became smaller as the pressure increased, and the difference between the concave tool and flat tool became smaller. The cutting by the tool bottom edge of the concave tool seems to be restricted except for the ¤20 mm one by the high heat input which leads to softening of the material. Therefore, the thickness change by the concave tool became similar to the flat tool under the high pressure conditions.
Results and Discussion

Cross-section of the FSP samples
Hardness distribution
The Vickers hardness distribution of the FSPed samples is shown in Fig. 5 . The width of the hardened layer formed by the concave ¤20 mm tool was comparable to those formed by using the other tools, however, the depth became smaller than that formed by the other tools due to the cutting by the bottom edge of the tool. On the other hand, the uniform hardened layer with a depth of over 1 mm was obtained by the other concave tools at a tool pressure of over 4 kgf/mm 2 . It was revealed that a sound hardened layer could be obtained by the concave tools. The applied load for the ¤10 mm and ¤15 mm concave tools were 84 and 64% of the flat tool, respectively. However, the depth of the hardened layer formed by the ¤10 mm concave tool below 4 kgf/mm 2 and by the ¤15 mm concave tool below 6 kgf/mm 2 became slightly smaller than that formed by the flat tool at the same applied load. It is considered that the optimal FSP condition is changed by the tool shape. Therefore, the effect of the pressure and load on the hardened layer of 700 HV was investigated and shown in Fig. 5 . The dependence of the pressure and the load on the depth is shown in Figs. 6 and 7 , respectively. The thickness of the hardened layer formed by the ¤10 mm concave tool below 4 kgf/mm 2 and by the ¤15 mm concave tool below 6 kgf/mm 2 became smaller than that formed by the flat tool at the same applied load in Fig. 6 . In addition, it seems that the thickness of the hardened layer is significantly affected by the applied load at 2000 kgf which is the low pressure condition. The tool appearance was observed after the FSP in order to clarify the relationship between the thickness and the applied load. Figure 8 shows the appearance of the tool tip. The concave section used at low pressure was filled with small flash as shown in Fig. 8(b) . As a result, it is considered that the depth of the hardened layer depends on the applied load because the concave tool shape becomes similar to the flat tool shape. On the other hand, the concave used at high pressure was partially filled with the material which was different from that at low pressure as shown in Fig. 8(c) . This is because the cast iron with enough heat input for the plastic flow can be ejected from the concave section of the tool. In this case, the depth of the hardened layer depends on the tool pressure because the original tool shape can be used for the process. 
Conclusion
In this study, the effect of the tool shape on the tool applied load and the hardened layer was investigated. The results can be conducted as follows.
(1) It was revealed that a sound hardened layer could be obtained using the concave tools. The applied load for the ¤10 mm ¤15 mm concave tools were 84 and 64% of the flat tool, respectively. (2) The concave section used at low pressure was filled with a small flash. As a result, it is considered that the depth of the hardened layer depends on the applied load because the concave tool shape becomes similar to the flat tool one. (3) The thickness change by the concave ¤20 mm tool was much smaller than those by the other tools. It is considered that the high concave fraction of the ¤20 mm tool increased the cutting efficiency. 
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